Abstract-Using the tissue-engineered constructs based on scaffolds that imitate the extracellular matrix of living tissues unveils new opportunities in the treatment of various pathologies and injuries associated with tissue and organ damage. Silk fibroin of silkworm Bombyx mori is a biocompatible and bioresorbable polymer with high mechanical strength and elasticity that allows creating scaffolds on its basis for regeneration of various tissues, including bone. In the present work, fibroin scaffolds were obtained. They were designed in the form of porous sponges, films, and hybrid scaffolds of a bilayer structure in which the porous sponge threedimensional structure is limited on one side by a film. The structure of the scaffolds and their biocompatibility were studied: immortalized and primary fibroblasts, as well as the osteoblast-like cells, have been shown to successfully adhere and proliferate on the surface of the studied scaffolds. Numerous osteogenesis foci have been observed in the implant region 4 weeks after the fibroin porous scaffold implantation in the in vivo experiments in a rat femoral bone defect model indicating the osteoconduction of the scaffolds.
INTRODUCTION
Bone tissue is characterized by a unique capacity to restore its original structure in the course of injury regeneration. However, in case of extensive damage, elderly age, and in some pathological conditions, the normal structure of the bone cannot be restored. In these cases, bone grafts are used to activate the process of bone regeneration.
The ability of bone grafts to stimulate the tissue regeneration is featured by osteogenic, osteoconductive, and osteoinductive potentials [1] . The bone implants must ensure the structural integrity of the bone and be able to allow the osteoconduction, that is, to contribute to the bone integrity restoration by the ingrowth of tissue into the material [2] . The implants having osteogenic potential contain osteoblasts or their progenitors to restore the bone structure [3] . The osteoinductive properties the grafts may have, lead to the migration of the recipient mesenchymal stem cells into the damaged area and their succeeding differentiation into osteoblasts initiates the regeneration process [4] .
Autografts and allografts are the most common types of bone implants used in transplantation of bone tissue. The former means tissue from the same body, the latter from a donor, respectively. Allografts are characterized by osteoconductive and, in some cases, osteoinductive properties; autografts also have the osteogenic potential [2] . However, the use of such implants is limited bby a number of complications. For allografts there is a risk of an induced infection and the potential rejection. For autografts the lack of material may be the problem [5] . The ability of bone grafts to stimulate the tissue regeneration is featured by osteogenic, osteoconductive, and osteoinductive potentials.
One solution to this problem is using the tissueengineered scaffolds. They support the integrity of the tissue or organ and provide a substrate for adhesion, migration, and proliferation of cells involved in the regeneration process [6] . The scaffold material should METHODS be bioresorbable, allowing the scaffold to dissolve in the process of a new tissue being formed. Silk fibroin can be used as a material for these structures. The use of fibroin as a basis for the creation of bone implants is highly promising, since this material is one of the mechanically strongest natural polymers and also has high biocompatibility, stability, and controllable bioresorption [7] .
In the present work, we investigated the properties of various fibroin scaffolds: flat scaffolds in the form of a film (FS), porous sponge scaffolds having a complex three-dimensional structure (PSS), and hybrid bilayer scaffolds (HS) having a porous structure formed on a film. In the study, we examine certain aspects of applying these scaffolds for bone tissue regeneration.
MATERIALS AND METHODS

Scaffold Formation
PSS and FS were obtained from the aqueous fibroin according to the method described previously [8] .
HS were obtained by forming the porous scaffold on the FS surface.
To introduce the fluorescent label, the scaffolds were incubated in a tetramethylrhodamine-5-isothiocyanate (TRITC, Sigma) solution; the unbound dye was washed away with saline phosphate buffer.
Scanning Electron Microscopy (SEM)
The scaffold structure was studied with a Camscan S2 microscope (Cambridge Instruments, United Kingdom). To prepare the specimens for the examination, they were dehydrated in stepwise increasing concentrations of ethanol and acetone and then dried on a Hitachi critical point dryer HCP-2 device (Hitachi, Ltd., Japan), and a layer of platinum of 20 nm thick was sprayed by means of IB3 Ion Coater device (Eiko Engineering Co., Japan).
Cell Lines and Culture Condition
The isolation of mouse embryonic fibroblasts (MEF) expressing green fluorescent protein (GFP) was performed as previously described [9] . MEF and immortalized mouse line 3T3 fibroblasts were cultured in the Dulbecco modification (DMEM) of Eagle's minimal essential medium from Paneko (Russia) containing 10% of fetal calf serum (FCS) from HyClone (United States). Osteoblast-like cell MG-63 line was cultured in Eagle's minimal essential medium (EMEM) from Lonza (Belgium), to which 1% solution of nonessential amino acids (NEAA) from Lonza (Belgium) and 10% FCS were added. All cell types were cultured at 37°C in 5% CO 2 .
Cultivation of Cells on a Scaffold
All scaffolds were sterilized in 70% ethanol. For studies in vitro, the scaffolds were washed with cultivation media without FCS. The round fragments of the scaffolds with a diameter of 15 mm were placed into the wells of 24-well cell culture plates, and 1 mL aliquots of the cells in appropriate cultivation media were put onto them. After being incubated for 5 hours, the scaffolds were transferred to Petri dishes 35 mm a diameter, containing 2 mL of the medium. During culturing cells on the scaffolds, the medium was replaced for fresh every 3 days.
The line 3T3 fibroblasts were cultured on FS and on a porous surface of HS. The initial density of the cells was 2 × 10 4 cells per scaffold. On the first, third, and seventh days, the MTT test was carried out as previously described [10] .
For the MEF cultivation, FS, PSS, and HS labeled with TRITC were used. The cells were added in quantity of 2 × 10 4 cells per a scaffold. On the first, third, and seventh day of cultivation, the cells were fixed and studied by confocal microscopy.
Osteoblast-like cells (MG-63) were placed onto the TRITC-labeled scaffolds of all types (8 × 10 4 cells per one sample) and cultivated for 1 day. Then the cells were fixed with 10% formalin in saline phosphate buffer (BioVitrum, Russia), stained with phalloidin-Alexa Fluor™ 488 from Invitrogen (United States) to detect the actin cytoskeleton, and 4′,6-diamidino-2-phenylindole dihydrochloride (DAPI, Sigma-Aldrich, United States) to detect the cell nuclei. The obtained preparations were studied with confocal microscopy.
Confocal Laser Scanning Microscopy (CLSM)
The study was performed on an Eclipse Ti-E microscope with a confocal module A1 (Nikon, Japan). The series of optical slices were obtained by means of CFI Plan Apochromat VC 20 × 0.75 Plan Fluor DIC 40 × 1.30 Oil lenses.
Model of an Artificial Defect of the Femur
The study of bone regeneration in vivo was performed in Wistar rats under anesthesia in sterile conditions. The following mixture was used: ZoletilТ 100 anesthetic (Virbac, France) and Rometar muscle relaxant (Bioveta, Czech Republic) in sterile PBS at concentrations of 10 and 20% by volume, respectively. The linear incision 25 mm in length was created after shaving the surgical field and skin treatment with 70% ethanol. The thigh muscle fascia were delaminated lengthways to access the femur. The bone defect in the diaphysis of the bone was formed by a dental drill with a working head diameter of 0.8 mm. The defect size was 1 to 2 mm. The appropriate size fragment of the porous scaffold was implanted into the cavity. 
Preparation of Histological Samples
The specimens were fixed in 10% Bouin solution (a saturated aqueous solution of picric acid, formalin, and acetic acid in the ratio 15 : 5 : 1). In addition, decalcification in 25% solution of Trilon B was performed. The bone tissue fragments adjacent to the injury were embedded in paraffin, and slices with a thickness of 5-6 μm were prepared. The slices were rehydrated, stained with hematoxylin and eosin, and covered with a balm. The preparations were examined under an Axiovert 200M LSM510 META microscope (CarlZeiss, Germany) with an AxioCam MRC 5 camera (Carl Zeiss, Germany).
RESULTS
Obtaining Different Types of Scaffolds from Silk Fibroin
To explore the possibility of creating a bioresorbable bone substitute based on silk fibroin, three types of scaffolds were obtained: FS (Figs. 1a, 1b) , threedimensional PSS (Figs. 1c, 1d) , and bilayer HS (Figs. 1e, 1f) . The surface structure of the obtained scaffolds was characterized by SEM. FP had a microrelief (Fig. 1b) . Fibroin PSS had a three-dimensional porous structure with a complex topography (Fig. 1d) . A notable peculiarity of HS (Figs. 1d, 1e) is that a porous scaffold on the fibroin film is formed, which leads to the formation of a hybrid bilayer structure having an open porous structure on one side and a flat surface on the other.
Cultivation of Fibroblasts and Osteoblast-Like Cells on Different Types of the Fibroin Based Scaffolds
To study the ability of the silk fibroin scaffolds to support adhesion and proliferation of the cells, the following parameters were investigated: the adhesion and growth of the MEF primary culture, immortalized 3T3 fibroblasts, and the MG-63 human osteosarcoma cells on different types of fibroin scaffolds. Figure 2a shows MEF on the surface of a spongy part of the hybrid scaffold, the structure of which is shown in Fig. 2b . The proliferation of the cells on the surface of scaffolds was assessed by MTT assay (Fig. 2c) . The results of the experiments demonstrated the ability of FS, PSS, and HS to support the adhesion and proliferation of all cell types used in the experiments. The 3T3 line fibroblasts continued to proliferate on the HS porous surface up to the seventh day of the experiment, while they stopped to grow after 3 days of cultivation on the FS.
When MG-63 human osteosarcoma cells were cultured on the fibroin scaffolds having a three-dimensional structure (PSS and HS), a significant part of the cells formed contacts with scaffold material and other cells lying in different planes (Figs. 2e-2h) , which was not the case for the cells cultured on FS (data not shown).
Regeneration of the Femur Defect
Histological examination of the implantation area 4 weeks after the surgery revealed that there was a slight lymphocytic infiltration and osteogenesis foci inside the scaffold were formed (Figs. 3a, 3b) . Osteogenic cells-osteoclasts, osteoblasts, and osteocyteswere identified in the area of the implant.
DISCUSSION
Creating various types of bioresorbable scaffolds for tissue repair is one of the crucial tasks for regenerative medicine development. This paper presents three types of scaffolds from fibroin ( Fig. 1) , which can be used for producing bone implants.
Bone grafts are typically applied to fill large defects when the use of flat scaffolds for this purpose is limited. They are mainly used as a model to compare with the three-dimensional structures [11] . Moreover, FS can also have its own application area, in particular, for creating the bioresorbable barrier membranes used in the restoration of periodontium. Their functional 
1 µm role is to physically separate the defect from the surrounding soft tissues and to prevent the fast-growing epithelial cells to filling it before the tissue of the periodontal ligament and alveolar bone will grow into this area [12] . Multilayer membranes can be also used for this purpose, which have a smooth surface on one side to ensure the barrier function and a porous surface on the other side for adhesion and proliferation of specific cells of periodontium [13] . Thus, the use of HS having a similar structure to restore periodontal tissues seems to be quite promising. The same type of hybrid design was successfully used to restore the rat skull defect [14] . The porous scaffolds are most frequently used to restore the bone defects [15, 16] . The porous structure of a scaffold ensures the migration and proliferation of the cells involved in bone regeneration and vascularization of the newly formed tissue [17] .
Assessing the cell growth on the studied scaffold surfaces have revealed the biocompatibility of the material and the ability to support the adhesion and proliferation of different cell types on their surface (Fig. 2) .
Fibroblasts, the resident cells of connective tissue, have a profound impact on the regeneration of various tissues and organs [18] . The ability of the scaffolds to support adhesion and proliferation of this cell type is an important indicator for biocompatibility.
When PSS and HS were used, the cells were detected on the surfaces of the scaffolds; a significant fraction of the cells formed contacts with the scaffold material and other cells in different planes (Figs. 2e-2h ). Such cells as fibroblasts and osteoblasts are in a three-dimensional environment in vivo, where they can form contacts with the extracellular matrix and other cells in all planes [19] . Thus, culturing the cells on PSS and HS is close to physiological conditions. The creation of three-dimensional conditions is one of the factors contributing to the differentiation of osteoblasts [20, 21] . Implantation of the porous fibroin scaffold in the bone defect area led to the restoration of the bone integrity to some extent that helped to preserve its function during regeneration. Four weeks after the operation, the cells involved in the bone regeneration were detected in the implantation area (Fig. 3) . Osteoblasts normally producing extracellular matrix bone components have been present; osteocytes, which have specific appendages, have been detected in the bone lacunae. Osteoclasts, the polynuclear macrophages of bone tissue resorbing the scaffold material, have been found as well.
The presence of osteospecific cells interacting with the scaffold material indicates its osteoconductive properties, which are characterized by the ability of the surrounding bone tissue to grow into the implant [22] .
Therefore, the developed fibroin scaffolds are an effective substrate for adhesion and proliferation of the cells involved in tissue regeneration. PSS and HS are proposed to be the most optimal for the bone substitute development, since they possess a three-dimensional porous structure, which is necessary to restore this type of tissue. It has been shown that implantation of the porous scaffold in the femur defect leads to the ostegenesis foci formed within the implant.
